Abstract: We propose the formation of LEED patterns using a highly convergent beam forming a probe of nanometer dimensions. A reflection rocking curve may then be recorded in many diffraction orders simultaneously. Multiple scattering calculations show that the intensity variations within these rocking curves is as sensitive to the parameters describing the surface dipole layer as conventional I/V scans. However the data may be collected from areas sufficiently small to avoid defects and surface steps, radiation damage controlled by use of low voltages, and the information depth selected by choice of the (constant) voltage. We briefly discuss also the application of this method to oxides, and the formation of atomicresolution scanning images in an idealized instrument in which coherent diffracted LEED orders overlap.
INTRODUCTION
The chemical reactivity of surfaces depends sensitively on the nature of the surface potential, and this, for an atomically smooth surface, is dominated by the surface dipole layer.
(For stepped surfaces, the dipole is reduced by the Smoluchowski effect). The resulting potential controls a wide range of phenomena in surface chemistry, from catalysis to crystal growth. A variety of phenomenological models have been proposed for the form of this potential (e.g. (Jones, Jennings et al. 1984) ), which also affects the magnitude of the mean value of the electrostatic inner potential (Saldin and Spence 1994) . Dipole layers are present in metals and, to a greater extent, in ionic crystals (Peng, Dudarev et al. 1998 ), which we also discuss for the interesting case of the strongly-correlated transition metal oxides, frequently used as catalysts. The measurement of the surface potential has proven difficult, since few techniques exist for its measurement. (These include the measurement of secondary electron emission energy distributions and resonance effects in LEED (Venables 2002) ). Two recent novel approaches include the use of resonance effects in RHEED for the ionic surfaces of strongly-correlated d-electron oxides (Peng, Zuo et al. 1998) , and the use of a sub-nanometer probe in STEM (Tan and Cowley 1984) . In addition, spot-splitting in RHEED at steps due to some rays entering a surface and emerging at a step face can be used to measure the mean inner potential (Yamamoto and Spence 1983; Peng, Zuo et al. 1998) , which depends on the dipole layer. Physically, the dipole layer acts like a capacitor and hence an electrostatic beam deflector, pulling the RHEED pattern down with respect to the Kikuchi background (Peng, Zuo et al. 1998 ). Elastic energy-filtering has been applied to convergent-beam RHEED data for this purpose also (Ichimiya, Kambe et al. 1980 ) (Zuo, Weierstall et al. 2000) . Sensitivity to this potential requires a charged probe with low kinetic energy in the direction normal to the surface -this can be achieved in LEED at energies below about 20eV, or in RHEED at small glancing angles. Quantification of the data is complicated by intense multiple elastic scattering from an optical potential whose imaginary part has not been calculated accurately.
Elastic energy-filtering is desirable.
At high energies in the transmission geometry, a minor revolution has occurred recently as, for the first time, it has become possible to very accurately quantify multiple-scattering electron diffraction data from thin crystals (Spence and Zuo 1992) . This has come about for several reasons, including the availability of imaging energy filters, cooling stages, CCD detectors, and, above all, the use of the convergent-beam geometry. This geometry provides a very small probe (ensuring high crystal perfection for the region studied) while paradoxically giving more information about this region as the probe size is reduced. (For a diffractionlimited probe, the size of the angle-resolved cone of scattering generated for each Bragg order increases as the probe size is reduced). Thus, as in X-ray work, sample quality (e.g. mosaic block structure or surface defects) had previously limited accuracy, rather than experimental technique. The ability which a small probe provides in making extinction-free measurements of crystal structure factors then provides a sufficient increase in accuracy (to the 0.1% level) to allow direct "imaging" of chemical bonds in real materials (Zuo, Kim et al. 1999) .
In this paper we consider whether these benefits of the convergent-beam geometry may be extended to low energies for the study of surface potentials. Rather than study I/V curves, in which the intensity of Bragg beams is studied as a function of their kinetic energy, we propose the use of a fixed energy, large illumination angular divergence, and a small focussed probe originating from a field-emission source. The intensity variation within the angular "rocking curve" of each beam is then used to model the surface potential. The use of a large illumination angle to produce a smaller focussed probe would then allow the study of submicron surface regions, whose freedom from defects might provide microdiffraction patterns of sufficiently high quality to justify accurate quantification. Figure 1 shows the geometry proposed for convergent-beam LEED (CBLEED). The incident beam is taken normal to a low-index surface plane. Provided that the illumination angle is less than the Bragg angle, a patch of intensity will be created around each LEED Bragg spot whose shape is approximately that of the illumination aperture, normally circular.
THE CBLEED GEOMETRY
Structure within this patch is sensitive to the surface potential, since, as shown in figure 1, for each point in the incident cone, the elastically scattered beams explore different points along the rods in reciprocal space ("relrods"), whose form derives from the variation of potential normal to the surface. The incident cone may be decomposed into plane-wave components originating from points at infinity, each of which defines a set of conjugate points, one in each diffracted disk. (A single source point at infinity produces a single set of Bragg-related points in the scattering pattern if defects and inelastic scattering can be neglected). Inelastic scattering and diffuse elastic scattering from defects such as surface steps will produce a complicated convoluted pattern whose interpretation is difficult and depends on the coherence properties of the electron source. However the use of a very small field-emission probe facilitated by the CBLEED geometry, and elastic energy-filtering, will minimize these effects.
In this paper we ignore inelastic scattering (apart from its depleting effect on elastic scattering) and defects.
MULTIPLE-SCATTERING CALCULATIONS FOR CBLEED FOR METALS

Convergent beam LEED calculations are performed by a standard LEED program (Van
Hove and Tong 1979) assuming a model
of the surface potential proposed by Jones et al. (1984) , where β = U 0 /A and A = -1+2U o /λ .
The three adjustable parameters U o , λ and z o define the dipole layer potential by characterizing the barrier height, width and position (relative to the outermost plane of atoms in the crystal) of the image plane, respectively, as shown in figure 2. The electron scattering by this surface potential is calculated by the invariant imbedding R-matrix method proposed earlier by Zhao, Poon et al. (1988) for RHEED. This method converts the Schrödinger equation of the projectile electron into a nonlinear differential equation in R, which can be integrated into the crystal halfspace from the surface. Reflection and transmission coefficients of the surface potential are then obtained in terms of R, and combined with the reflection matrices of the ensemble of atomic layers of the crystal from a conventional LEED calculation by a layer stacking method (Pendry, 1974) to find the combined reflection matrix of the surface barrier and the atomic layers. The calculation of LEED I/V curves by this method have been reported previously for a Ag (111) film on a W(110) substrate (Poon, Tong et al. 1998) . Effects of the electron exchange potential are included in the LEED calculations of the atomic layers by Slater's prescription (Slater 1967) as is usual in LEED (Pendry 1974) . As for the model surface potential, it would normally incorporate exchange effects by fitting its adjustable parameters to experimental data. (In our present work these parameters are varied to test their effects on calculated convergent-beam LEED patterns). This calculation fully includes all elastic multiple scattering from the model of the surface potential and the atomic layers.
Initial calculations were made for Al(100) and W(100). In each case, for a circular illumination aperture, the beam divergence is the greatest possible consistent with nonoverlapping orders of convergent-beam discs (i.e. the ones corresponding to neighboring Bragg beams just touch at their tangents). For a wide range of materials the minimum in the inelastic mean free path occurs around 50 eV (see e.g. Zangwill 1988), so that for energies below and above that, penetration increases. Figure 3 depicts calculated CBLEED patterns for Al(100) that span this energy. They show some structure within the CBLEED disks for energies either well above or below this minimum in the mean-free path. For the purpose of this demonstration, we have assumed a simple "no-reflection" step of -11.2 eV in the potential at the surface. comparison with I/V curves, these data show similar sensitivity, but could be obtained from microdiffraction patterns from much smaller areas which are more likely to be free of the surface steps responsible for diffuse scattering. In addition, by obtaining all the data at one low energy, radiation damage effects may be minimized. LEED studies of organic materials (Firment and Somorjai 1979) , in which the time for spots to fade is measured as a function of beam energy,
show dramatic improvements at lower energies, where fewer states exist into which excitations can occur.
SCANNING IMAGING BY CBLEED.
Movement of the fine focussed probe in this arrangement allows a spatial map of the dipole layer to be formed, and regions free of defects also to be sought for analysis. In the future, the formation of a coherent probe whose dimensions are comparable with the dimensions of the unit cell may be possible. (The recent construction of aberration-corrected low voltage PEEM instruments in Berlin and Berkeley, aimed at about 2nm resolution, suggests that this may not be unrealistic). Then, by analogy with scanning transmission electron microscopy, it may also be possible to form images at near-atomic resolution by displaying a portion of the CBLEED pattern as a function of the focussed probe position. This portion should consist of the region in which the diffracted disks overlap, as discussed elsewhere in detail in connection with the theory of STEM lattice imaging (Spence and Cowley 1978) . The requirement that a diffraction limited coherent probe be formed whose width is less than that of the surface unit cell is equivalent to the condition that the coherent diffraction disks just overlap. Then the coherent interference between orders provides an imaging signal with the periodicity of the surface lattice, and a variety of optimized detector shapes can be considered. A large inelastic background, independent of probe position, can be expected. The information depth of this image will vary with accelerating voltage according to the universal curve discussed above, so that for energies well below or above the energy for minimum penetration, images of buried interfaces might be obtainable. Simulations for these imaging conditions are under way. The construction of a low-voltage field emission electron gun for such an instrument is a highly challenging project, in view of the sensitivity of the probe to stray fields.
DISCUSSION AND CONCLUSIONS.
It is of interest to consider the extension of these results to dielectric materials. The results of calculations for the surface potential of an ionic oxide have been published previously (Peng, Dudarev et al. 1998) . By comparison with metals, these show that a much larger dipole layer exists for this class of materials, which have important applications as catalysts. Similar large effects can be expected for most of the strongly correlated transition metal oxides, such as superconductors and colossal magnetoresistance materials. For these oxides, there are three cases : i) those in which ions are arranged in such a way that each plane parallel to the surface carries zero net charge. Then the projection of the dipole moment normal to the surface is zero.
ii) those for which each atomic layer carries a net charge, but the repeat unit measured normal to the surface possesses zero dipole moment. iii) Other cases. For this third class of material, by extension of the results of the calculations reported here we expect a strong and measurable surface dipole layer to be detectable by CBLEED. As discussed in detail elsewhere, (O'Keeffe and Spence 1993), the choice of unit cell is not unique, and the dipole moment of a cell depends on this choice. However it will be found that different choices of cell result in different terminating layer structures which compensate for effects due to the choice of bulk cell, and the net dipole moment for an entire slab will then be found to be independent of the choice of cell.
Experimental studies of these materials have been limited by sample charging effects, however these may be controlled by either doping or the use of thin films on a conducting substrate.
In summary, the multiple scattering calculations reported here suggest that the chemically important surface dipole layer might be mapped out by a new technique, convergent-beam LEED, in which LEED rocking curves are analyzed at a single energy using a fine probe.
Radiation damage is minimized, a large amount of data is collected from a small, defect-free region, and, by scanning the probe, a spatial map of the dipole layer may be formed. We are currently modifying an experimental LEED apparatus for this purpose.
CAPTIONS. 
